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I F I R ~ I E T I O I I  

The sulfur present i n  coals i n  the forn of iron pyrites i s  of interest  f o r  
a t  l s a s t  three reasons: 
n&XLlir$cal coke, (2) as c cont.-ninnnt i n  coal used for power purposes, and ( 3 )  as 
the u l t h t e  source of the s u l f u r  appearing as sulfur ic  acid i n  the effluents of mines 
yod.xc2ng ncid Inters.  Ccrtzin bccteria pro h o l m  vbich, vhen gown i n  the presence 
of g r i f o s ,  co??er sulfides, or nolyWenun sult ides,  catalyze the formation of sulfur ic  
acid id th  concurrent release of the metsll ic cation i n  a soluble form (1-3). Nicro- 
b io logicd  studies have thus far shown tha t  one of these organisms, Ferrobzcillus 
fermoxidans, catalyzes the reaction: 

(1) ES a contnnimnt i n  coals used f o r  the p e w a t i o n  of 

%-rimentally, it has been demonstrated that iron- and/or sulfur-oxidiaing 
organism catalyze the ,production of acid end soluble i ron fron coal sulfur ball 
n z t e r i d  (1) or fron the s u l f u r i t i c  constituents of f ine ly  p o u n d  c o d  (2). 
therefore believed t h a t  a thorough microbiological study of the oxidation of pyrites 
110ul3 m t  onl:; clarFfy the ro ls  microorganisms pla3 i n  the pocess  but conceivably, 
t b m $  s t ra in  selection, detsmination of nutr i t ionel  requirements, and control of 
the ?hysicd environment, 9 method for the removal of pyri t ic  s u l f u r  from coal by a 
n i c r o b i d  prociss d g h t  b devised. 
zdcroor;aniYms i n  the formation of zcid nine wxters. A re lated poblen,the treatment 
of acid nrrters by- a nicrobial  pocass  u t i l i z ing  the unique a b i l i t i e s  of the bacteriun 
--- DesuEovibrio desulfuricans t o  reduce sulfates  t o  elenental sulfur and/or sulfid'e, 
night possibly be carried out bj extension of the aforementioned line of attack. 

It i s  

Such a s t d y  would a l so  c l a r i f y  the ro le  of 

There i s  very l i t t l e  h o m  concerning the a c t i v i t i e s  and a b i l i t i e s  of 
microhs which may at tack o r p n i c  sulfur-containing compounds other than the naturally- 
occurring anino i c ids  and vitanins. 
conpunds by microorganisms has been in i t ia ted  i n  the hope of finding a way of 
e l i d m t i n g  organic s u l f u r  f ron  coal.. 

A study of the oxidation of aronatic sulfur 

zxF2.RE !,!TAL 
A. bhteridl6 and >leth&s ' 

1. Stock Cultures. 
bacteria ha= been obtained f ron  the Syracuse University CriLture Collection. 
Fmrok.cil.lus ferrooxidans - Culture capable of oxidizing ferrous i r o n  t o  f e r r i c  
s ta te .  
Ttl iohcil lus thiooxidans - Culture capable of o x i d i z i q  elemental sulfur to sulfate. 
ILaintained on nedim 9Eo and ThS. 
asrudnosa were those reported prePbously (4). 

Stock cultures of the follouing autotrophic strains of 
(a) 

1hin';ained 3n nedim 9K (see below) containing FeSOr, as energy somce. (b) 

S t r a b s  of the heterotrophic Pserdomonas 
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2. k d i a  Used. The following media are used for  the routine culture 
of the above k c t e r i a  and/or ?ere used i n  the screening studies with the acid mino 
water sanples : 

(a)  Medium 9K (5) f o r  i r o n  bzcteria: Solution A - Basal Salts - (lZh),SO,, 
3.00 g.; IGl, 0.10 g.; K$PO4, .50 g.; bkS04*m 0, .50 g.; Ca(N+)Z, .01 g.; 
10N"2S04, .10 ml.; d i s t i l l ed  water, 700 m l .  Sofution E - Enera Source - FeSO4*m20: 
300 ml. of a 14.7&% (u/v) solution i s  added t o  700 ml. of the basal salts solution 
to  d e  one liter of nedium. 

(b) &&dim 9 s  0 - For sulfur oxidizers. As in (a) with 1-2% elemntal  suLTur 
(s ter i l ized separate1;- by autoclaving a t  looo C. for  3 hours) replacing the i r o n  szlt 
as s o a c e  of energ ;  pX adjusted to 3.5. 

(c)  %dim YirS - For s u l f u r  oxldizers. As in (a) with l.C$ Xa2S as Ra2S*9H2) 
as source of ener,y. 

(a) Medium 9KP - Fcr i r o n  or sul fur  oxidizers. 
(Sam l e  No. E-344303 obtained i n  a pulverized form fron Bitminous C o a l  Resezrch, 
Inc.7 as source of energy. This medium rms prepared a t  two pH levels:  3.5 and 7.0. 

(e)  Medium ThS - For s u l f u r  oxidizers (6). 
( f )  Pbdiun SS-1 - For su l fa te  reducers (6). 

3. Ebcterioloaical Iiethods 

The pH is 3.0 to  3.6 without further adjustment. 

As in (a) with 55 pgrite 

Standarrf plate count mthods for nunbers of heterotrophs gsre used 7dnth 
nutr ient  agar (Difco) or Czapek's medim in Petri  plates. 
deternillation of aubt rophs  were e d n e d  visua2l.y o r  subjected to  dcroscopic 
e d n a t i o n .  
i n  V i r t i s  anaerobic tubes. 
lengths of I!+ m. 03 ppex  tubing. 
rmx. 
precipitate of i r o n  sulfide. 

Tubes of md ie  for  

Liquid aedia for  isolat ion of sulfate-reducing bzcteria were prer-arecl 

The ends o f  the l a t t e r  irere sealed with p a r d f i n  
Agar nedia were mepared 2s deep tllbes o r  iram iiito f o s t  

Growth i n  these Woes i s  reco,dztd visuall:i by ths -jrodluction of a hlnck 

4. C d t u r e s  f a r  lhnonetric h e r b c e n t s  
Preparations of res t ing ce l l s  of iron and s u l r U r  3:cidizers vere mde 

according t o  the nethods of S i l v e m n  a d  Lundgren (5,7); heterotrophs were po'm- 
as previously mted ( L ) .  
t o  mensure orjgeo uptdce (5). 
excerizent i s  found i n  the fi6gme leg3nd. 

The Xtr5urg appra tus  72s used i n  the conventional =mer 
ksc r ip t ion  of the flask cmtents  for any y t i c u l a r  

5 .  Determinations of i ron  ,rere m&e by the colorizekric c-?'ncrxi1=t!rcli:.-e 
oethod, as described in .GEi zethocls. 
20 
Spectronic 20 s ? e c t r ~ - h o t o n s t e r - c o l ~ r ~ ~ e t e r .  

A stznd;ird curve f3r conce?.+,rations &Y .JE 

24C ;Y of i r o n  ;ES -mewred, r e a d i q  o?ticai  5ensi5y a t  5CG m p  i n  3. Bec-kzn 

6 .  Eie 3ou~ce, lescription, arid a d q - s e s  of the :qTitic x i t e r i d s  is 5hom 
The rateri-al vas usad as ori_l imlly received (;assin? 65 inesh) o r   cud 

The cr-;stiriline f c r .  of ?he s .dfci ; iz  
i n  Table I. 
i n  an agate norcar t o  p.ss 3 325-..sdi scyeen. 
mterial i n  tiiess sanples KES verified es pyr i t e  by 12227 diffraczicn.  
saz>les of nusem-gde ?.;rite and mrcas i te  ,srou?d t o  -325 :?.ea5 x e x  X C ~ .  

In zddi;ics, 



- 27 - 

l’ahle I. Analyses of pyr i t ic  material 

Sanple Percent 
No. Description and somce mite 

29 kste material-pyrite concentrate Prom coal Prom Tab0 bed, 7’7.0 

30 Woo? m a t e r i a l - p i t e  concentrate *am Illinois if6 coal, 60.0 

34 Pyrite concretion (sulfur b a l l )  from Pittsburgh bed, Osage 54.4* 

35 

P o w  Mine, Montrose, Henry County, Missouri. 

Peabody #lo Mine; Christian County, I l l ino is .  

#3 Mne,  bbrtongalia county, West V i r g i n i a .  

Bradford 4. Mine, Harrison County, Ohio. 
pSrite c o m e t i o n  (sulfur ball) &am Meigs Creek #9 coal, 74.5 

a Contained 15.S; C a C 5  i n  the form of &cite. 

B. Proceduresand Results 

near Irwin, E., and waters a& bottommuds from the point of ex i t  of the mine waters, 
e& the acid svanp these waters f m  (liarchznd Pool). The pool empties i n t o  Sewickley 
Creek, fron which smples  were obtained upstream from the pool entry. 
collected are  Usted  in %ble 11. 

Sm-ples of acid mine muds were obtained from shafts  of the Hutchiason bEne 

The sanples 

Table 11. Sanples of acid mine waters and re lated materials 

PH 
Sm$e 

110. Source Description 

1 
2 
3 
r, 
5 
6 
7 
8 :  
9 

13 
11 
12 

l.4 
15 

€iuA~hinson Nine 
SutcMnson :line 
Sewicliley Creek, Surface water 

Ikchard Pool Green a lga l  streamer 
.&it point of Surface water (clear) 
acid waters Botton water (clear) 
from nine Bottom mud (orange) 

Junction of nine water 
and >larchand P o d  Eotton wter (clear) 

:>rck2d. ?ool Top s c m  (oily) 
1 ‘zrch?-$ Pool Sur%ce mter (o;.s.ye) 
prcb& E301 Bottom mud  (o raqe )  
I -  d: 0 . d  ?3 3 1  
&Iarchaad Pool Bottom water (green) 
Pool spi l l -my t o  SewicUey 
Creek Bottom water (green) 

Acid gob (yellow d) 
Jdkaline gob (orange mid) 

upstrean from Bottom ma 

Botton water (green-brown) .. 

2.9 
6.3 
3.8 
4.1 
too s d  
5.3 
5.5 
4.9 

5.7 
4.6 
5 .‘i 
5.8 
4.9 
5.0 

5.0 
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After collection, the samples, were examined microscopically. The ppesence 
SmAde 5 contained not only of vizble bacteria vas noted i n  sainfles 1, 2, 4,  d 12. 

bacteria but green streaLiers recognizable as  a l e e ;  numerous protozoa and San2ria.m 
;rere present. The smfles $rere used to  inoculate duplicate tubes of cul tme Eedia. 

The various media were incubated a t  roon temperature -..:th the e:aeption of 
L E. OD g r e x  tubes of egar nediun SS-1, ti’hich rrere incubated a t  39%. 
nediun 9T.V ;wre incubeted on the shke r .  Tha subcultures t o  th3 various mdia wsre 
observscl daily and e&& n i c r o s c o p i c a y  as required. 

Tubes of 

Observations made on the vzrious media a f t e r  om wee’s o f  incubation a t  roon 
temperature a r e  sunnarized i n  %ble 111. 
p i t e  a d  i ron aeclia (9KP and YL), &though io so= cases, sirople visual exvnination 
m s  sufficient to recognize the deep red-oraqe jrecipit i l te formd by iron oxidation. 

Pficroscopic obsermtions were =de on the 

l h b l e  111. k o w t h  in m r i o u s  culture media one weeka after 
inoculation with acid ni;le tmter samples 

Crowth i n  media containing the energy sources designated - 
so4- so4= 

(anaerobic ( capUary  
S= Pyrite Pyrite Fe++ tubes ) tubes) S 

Samula Y - 
1 -  + + 
2 -  
3 -  
4 -  + + 
5 +  
6 -  - - 
7 -  + + 
8 +  + + 

- - + 
+ + + 

+ 
+ + + - - + 

+ 
+ 

+ + + - - - - 9 -  
10 - 
l l -  + + 
l 2 +  + + + + + + 
13 - 
14 - 
15 - 

+ - 
- - - - - - - - - + - - - + 

a PIedium 9KS0 examined a f t e r  10 days of shakinp. 

The cultures were carried through s e r i a l  transfer on the appropriete sledia; 
detemimtion of growth vas =de bj a c o n b b t i o n  of microscopic e a n i t i o r ,  a d  
visual  tcspct ion.  

\ 

I 

i 

, 
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The ac t iv i ty  of res t ing  ce l l s  of Ferrobacillus ferrocaddans on pyrites 
was tes ted by mans of the '&kg technique. This technique is excellent for the  
d e t e d n a t i o n  of: 
differences i n  the suscept ibi l i ty  of the various pyrites t o  oxidation, and ( 3 )  the 
phpsiology of pyrite oddat ion by bacteria i n  short-tern experinents. 
snnples (65 ilesh) were weighed and placed in tho Xarburg vessel with suff ic ient  
c e l l  suspension (pH 3.5) and water (pH 3.5) t o  bring the volume t o  a predetermined 
value. C e l l  suspensions f o r  the experbents  were zdjusted to 0.4 mg. bcteridl-lT/nil.. 
Bcygen uptake x s  measured in the conventional manner. 
ner ta  with concentration of p p i t e s  and ce l l s  as variables are shown in Figures 1 
axl 2. The r a t e  of p i t e  oxidatian w s  increased o n l y  ho-fold by a twenty-fold 
increase i n  pyri te  concentration with these 65 mesh sanples. 

t i c l e  size 
of the substrate on oxidation rates. The results (shorn i n  TablemEemonstrate 
thzt reduction in part ic le  s ize  enhanced bac ter ia l  action six-fold i n  the case of the 
pyri te  concretion ard 35- to 70-fold vhen the pyrite concentrates were used as 
substrates. 
3 of the 4 p p i t e s  tested. 

(1) the a b i l i t y  of selected cultures t o  axidize vpite, (2) 

Pgrite 

Results of two such experi- 

A ser ies  of Varburg experbents  demonstrated a e  ro le  o f  

Qxidation rdth the bac%ria was 20 t o  40 times t h a t  of the controls f o r  

Tau3 Iv. k i d a t i o n  of  p y r i t i  terial of two p r t i c l e  s izes  i n  'the 
presence of Ferrobacillus ferrooxidans 

s a n a e  Jwmoxhztelu 65 nesh hssiw t h o w h  325 nesh 
?To. ?To, c e l l s  Cells I?o ce l l s  Cells 
29 28+ 40 60 13L:2 
30 12 16 51' u37+ 
34 23; ll+ 91 29 
35 24 336 & 2040 

a 
+ Ap-ent evoluA5.0n of gas. 

Uqgen uptakeb.2 mg. hacterial-nitrogen/three hours. 

In sepzrate shaken-flzsk expr inents  the release of hydrochloric acid- 
soluble iron ms dc tcmhed  instead of o-vgen uptake, as a mans of demonstrating 
o;id.-tion of the p-pites. 
sho7.m i n  the f o 3 . l o . a  k b l s  (Table a). Tie 25 nl. conical f l a sk  used contained 
100 9'. of pyri t ic  m t e r i a l ,  a n  aliouot of cell suspension containing 0.84 ng. 
bacter ia l  nitroZen a113 suff ic ient  P S04-acidified water, pE 3.5, t o  bring the t o t a l  
polme t o  4.0 nl. Bfter 24 hours, 3.0 id. of 2.3N E 1  was added a d  the mixture 
heated 30 ninutes on a steam bath. 
diquats was deternined as given i n  the section on Nethods. 

Xesults of iron d e t e d m t i o n s  i n  one such experiment are  

The HClsoluble iron content of suitable f i l t e r ed  
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TBBLF V. Production of hydrochloric ac idso luble  iron from 
pyritic material in the presence of 

FerrobaciZlus ferrooixidms 
L 

Hi.cronms HCl-soluble i r o n  releaseda ?? E Cells Initial 2L hours Xe t &rite oddized. :'o 
+ 1G2Ab .!+.&a 3376 9.42 

808 1330 272 0.76 
29 

30 + 1250 !+c.coc 2750 9.24 t - 1034 13 76 342 1.22 
35 + 3040 72cO W60 u.99 

2 a 4  3140 316 0.91 \? 

b 216 /ug.. Pe were carried over with the c e l l  suspension. '7 

- 

- 
a %Production of iron from 100 ng. pyri t ic  zmterizl in the Fesence of 0.84 zg. 

bacter i d - € T o  

The a b i l i t y  of ThLobacillus thiooxidans t o  zccelerate the oxidation of the 
It uas found that this pyrite sanplss was also tested in %rburg e p r i m e n t s .  

o rsn isn  vas m b l e  to  accelerate oxidation rates over those of control vessels. 

gr;rede smples  (large c r y s t a l s  free of  inclusions end contaaiaating m t e r i z l s )  of 
pyrite 2x33 mrcasite was tested. 
F e r r o k c i l l u s  being more effect ive;  neither c d t u r e  acceler-ted the z d i a t i o n  of 
rxsem grade pyr l te .  

Tzble VI.  Effect  of T c h b - c 2 l ~ s  thioo:-i,dxx o r  F'errobcil lus fer;.ooxi&.ns on thc 

The a b i l i t y  of T. thico:d&ns and F. ferr9ozAd-m to ecceler2te oxidaticn of LuSem \[ 

It was f o u d  that both strains attacked the zarcasite, 
\ 

S e s d t s  of Ynese e - q r b n t s  i r e  see2 i z ~  E h l e  VI. 

a+ . ~ ~ n t i o c  - of mseur? grade x l f i d c  m i m a l s  
i%croliters oqgen +&ken up in 3 hours per mg. 

hacterieJ-nitso;ren 
S a w l e  Cells T. thioozddans F. ferrooxidans 
Pyrite - 15 35 

+ 7oa 1 9  

Marcasite - 82 209 
+ 128 734 

a Apparent :as emliltion. 3 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Zfficacy of use of a izb:ture or' the two s t re ins  was also tested. In these 
iJarburg e q r h e n t s  a res t ing c e l l  susposion of Ferrobzcillus w s  placed in the 
vessel and oqgen  uptake was neasured for  one hour. A t  the end of this t b e  ths  
sulfvr-oxidizhg fi iobzcil lus was tipped iccU3 the reaction nixbure. 
oxidation of  sanples 29, 33, 35, and nuseun grade m r c a s i t e  was determined. The 
effect  of addition of Thio'oaoillus i s  seen i n  Figure 3. 

'The effect  on 

The rate of oxidation of ferrous iron and elemental sulfur b;. the s t rz ins  
of F e r r o k c i l l w  ferrooxidzns and ' i ' i i o ~ c i l l u s  tlzioozidans i n  use i n  the experiments 
h s  keen calculated from the data  obtained -lp theprecediag e x p e r h n t s .  
prosented i n  Table V I I .  

mese are 
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Table YII. Rntes of oxidation of ferrous i ron and elemental. sulfur 
by Ferrobacillus ferrooxidans and Thiokacillus thiocoridans 

/ 

I 

T. thioo.ddans 0 
F. ferrooxidans 3672 

a Q~ (IT) r e p r e s e n t s r n t e r s  oxygen uptake/%. cell-nitrogedhour. 

%her rvnonetric experiments u i th  polycyclic aromatic hydrocarbon-gown 
c e l l s  of a s t r a i n  of Pseudomonas eerwinosz were c m i e d  out t o  study the a c t i v i t y  
of kicter ia  regarding sulfur-containi 
grown With phenanthrene as source of 
grown on mpRthalene when benzthiophe 
thiophene Uas chosen as a Eodel s a w  contaising a r o m t i c  of the tspe thought t o  be 

ganic conpounds. 
n would kke up =ore oqgen  than c s l l s  
s provided then as a substrate. aenz- 

It was found that c e l l s  

ps with naphthalene as substrate i s  
benzthioghene were : naphthalene- 

oncentration of 3.3/zrcloles/nl. A t  
n up th.1 a t  the lower concentration. 
the flask conter?ts served to lower 
ene 2nd 2-nsthylnaphthdene (Figme 4) .  
or perhaps shple t o x i d t y  of the 

A t  

of c e l l s  grown on o r  ~ t a b o l i z i q  

Resolts obtained on exaniination of the microflora of acid nine drainage 

Tce best sowces of nicroorganisms are the nuds, which are a p p e n t l y  r i c h  

:,here inter flow i s  

showed that top waters and rapidly runtxiq imters (green) trere almost s t e r i l e  i n  all 
cases. 
in all f m  tested for.  
only where the water is not turbulent or flowLng too ra?idlg. 
rapid, b o t t a  nu3 does not accmulate, the mange color of oxidized i ron  goducts  
i s  absent, and the number of dcroorp-dsns prssent is  q d t e  small. 
sanples of such moving c lear  water dter ti eks of incubztion give evidence of 
i ron  oxidation ( o r a q e  precipitate,  h e w )  e reason for the i r  c l a r i t y  is  
mobably that they are s h p l y  flea too dly for oxidation of i ron to occur. 
*mu, c l a r i t y  of mtm is no cr i te r ion  of i t s  potential  yield of ferrugineous n7d 
under nm-agitated cmdit ibrr .  

the  saTples U u s t r z t e s  t h a t  those chenicals Fresent ii 2n enviromsnt are usually 
accompanied by bacteria capable of u t i l i z ing  then. 
partic- t p s  fourrd, i n  regzrd t o  the Foblens of s u l f u r  removal f ron coal axid 
t r e a F e n t  of acid nine sraters, i s  zs follovs: 

l'ne botton nuds (mange) collected a t  the pool acc-mulate 

In  the labornt3ry, 

The finding that all tspes of bacteria tes ted f o r  appear t o  be present in  

The inporknce of these 
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(1) The same organism -which play a role i n  the arcduction of acid -e 
waters, and in vhose pesence oxidation of large su l fur i t ic  concretions, p i t e ,  
and narcasite hzs been demnstrated a re  precisely those forns whose ab i l i t i e s  must 
Ee exploited i n  any a t tenpt  t o  desulfurize coal by microbiological m e w .  

(2) Ln any plan f o r  dis,wsal  of sulfur ic  acid nicrobiologically, the use 
of anaerobic sulfate-reducing 'bacteria t o  convert sulfuric acid t o  elementd sulfur 
nd/o,- hydrogen sulfide nust be considered. 
the bottom nud s a ~ p h s  collected gives hope that stxtreins of these organism able Lm 
tolerate  the acid eoviroment necessi+ated by the use intended can be found o r  
developed. Acid collditions are known not t o  be opthuin for t he i r  growth, but, their  
presence in samples 4 and 5 a t  $is of 4.1 uhd 4.9, respectively, indicate they may 
be nore tolerant  of acid than previously aesmed. 

i n  a given enrizoment (ferrugineous mxi) m c a t s s  tht E.U Ymee form nay 
par t ic ipate  in a cyclical  process for  sulfur. 
of pyrite o.pidation with pure cultures of bacteria m q  no3 provide the best mans 
possible f o r  carrying out the process. 
f o r  most e f f i c i en t  actiTLty, ,although n i m d  ce l l s  of Fer rohc i l lus  a i i  Thio'~acillus 
did not k v s  the desired a f f ec t  on pyri te  (Figure 3).  

The isolat ion of such bacteria from 

(3)  The presence o f  sulfur oxidizers, i ron  oxidizers, and sulfate reducers 

Thus, i t  appears that previolls testing 

It, m ; ~  -.!ell be better t o  try the mturd f l o r a  

The mnonetric studies (Figures 1 and 2 )  with 65 mesh sm?le #35 denon- 
s t ra ted  t h a t  oxggen u?f&e i s  significantly greater than tha t  required soiely f o r  the 
oxidation of ferrous i r o n  ini t ia l ly  present i n  the ? r i t e  saLlple as deternined 
our extraction proce&Jre. 

Significantly higher oxidation ra tes  were obained when the s U u r i t i c  
materials were gourd t o  pass 325 mesh (Tgble IV), The ab i l i t y  of Ferrobacillus 
t o  accelerate the orddation of the pyrite in samples 29 and 33 i s  encowaging as 
regards microbial coal desulfurization. 
coal. These contain ninute c r y s t i l s  of pyrite eabdded i n  the coal with perhaps 
on ly  one face exposed f o r  oxidation, 
proceeds a t  a rapid r a t e  as c m p r e d  t o  the ra tes  i n  the absence of the organism. 

These s a p l e s  are pTyrite concentrates fron 

Yet in the pesezce of the 'mcteria o:ckkr;ion 

k s e d  on the resu l t s  f o i d  i n  these studies (Ebles  III-VII, Figures 1-5) 
ce r ta in  generalimtions regarding microbial processes f o r  coal desulfurization may 
be dravn. These m e  that :  1. The r a t e  of  pyrite oxidation depends upon availzble, 
tha t  is ,  exposed , v i t e .  As a corollary to t h i s ,  :hc c o i l  mst be i n  B f inely di:ilcd 
s t a t e  ir, order t o  e: ; -xe 5 xcxiz i~~i  of the eiibeddsd 2yrite. 
of = r i t e  deipnds upon the :'ttfie" of pyrite present. 
of a b e t t e r  description, s i m e  X-ray di,ffrection patterns are izisntical lor t he  
p y r i w  or" saqples 23, 33,  34, 3 5 ,  and nuem-grade p p i t e .  

M y  san?le #34 2nd nuserrm-grade ,pyrite res is ted oyddation i n  t h e  presence 
of F. f e r r o w 5 . i . .  Sanple ,$34 contained considera3le calcite.  Fre lMnary  experi- 
nents after Cne calci te  had been renoved (neutralizixg effact  of C a C 9 )  gave 
indication of oxidative eckivity. 

2. 'I%e race o f  o~ddscion 
ihe vord s - ~ e  is used f a r  -rznt 
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The ubiquitous ,mesence of TniobzciUus thiooxidais i n  a c i d a s  mtcrs 
is as xet  une-ined. 
present i n  acid--producing areas, can be attacked by this orgmisn, raising the  
question of a possihle energy source for the organisn. Tlie Toduction 3f f ree  
sulflp. during the cxcidation of p y r i t e  is  one e x a t i o n .  
the iron-xidizing F. ferrooxidsns t o  oxidize elemental sulfur suggests another 
explanation. 

w i t h  their proposed energy sources. 

Cur r e su l t s  shov that snly iizrcasize, a s - & s k ~ e  rzzely 

Hswever, the a b i l i t y  of 

'&e three organisms found fa acid mine waters are l i s t e d  below together 

QWaI3iSEl.S 
Thiobacillus thiooxidans Klemenkl S 
Tbiobci l lus  ferrocnddsns Ferrous iron; thiosuLfate 
Ferrobacillus ferrocnd3ans Ferrous iron 

The three are zlorphologically iridistingsisbable; the chief criteria fo r  
the i r  description being energy source. 
possible that F. fe r roaxikns  xiU, pow i n  an i ron  nediun and be identified as  
F. ferrooxihns ana also be isolated in a elenelltnl S nedium a d  be identified as  
T. thiooxidans. 
axd e x i s t s  in ac ida ine  waters by vir tue of i ts  i ron  oxidizing capacity. 
i nab i l i t y  of Thiokci l lus  t h i w x i d ~ x v  to oxidize i ron may be due t o  tp loss of 
adaptive fron-oxidizing enzyaes up& growth in elerienixl sulfur. 

During i s o h t i o n  pocedures, it i s  en t i re ly  

Thus, F. f e r r o d d a n s  wy rea l ly  be a var iant  of T. thiooxidans 
The 

'" 

has been 
Virginia 
iron. SUI 

The a b i l i t y  of bacteria t o  accelerate the oddat ion  of suUur i t ic  material 
studied primarily by investigators at the Mellon I n s t i t u b  (1) and West 
University (9). Their studi13s involved tes t ing fo r  the poduc t im o f  f ree  
f e t e ,  o r  increased ac id i ty  fron insoluble pyrite Jaterials in the presence 

Ttze developent of methods or a6sence of bacteria in experiments of long duration. 
rtad mdia far tho propagation i n  high yield of the relevant bacteria (5 ,  7) has 
embled us t o  u t i l i ze  the roncmetric 
the o.xi&tion of pyrites, thus enablbg us to  accmuhte  conparable ?ak i n  a short 
t b e .  
and liest V i r g i n i a  Univ3rsity I s  given i n  'Clble V I I I .  
most closely v i th  those of the I-Iellon h t i t u t e .  

nethod for exmining the ro le  of bacteria in 

A conparison of the results obtained wi th  those of the bkllon Ins t i tu te  
In general, our findings agree 

Table VIII. Acceleration of the ' r a t e  of oxidation of  d i f fe ren t  pyr i t ic  material8 
by iron- aui sulfur-oxidiaing bacteria 

Ferrobacillus Thiobaciyus Thiobacillus 
f errooxidans f errooxidnns t h i o o ~ d e n s  

M.1. W.V.U. B.EL 14.1. V.V.U. B.M. M.I. W.V.U. LL 
+ N.!La .t N.T. + B.T. - + - 

)wem+gads ==Site + N.T. + E.T. N.T. N.T. + + + 
tbem-grade pyrite - r.T. - M.T. + N.T. - 61. T. - 

- SumIr  bay 
Waste material N.T. N.T. + M.T. N.T. I?.?. H.T. N.T. 

a N.T. = not tested. 
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